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Summary

 

Evidence suggests that muscarinic receptors (MAChRs)
are involved in various aspects of neuronal and vascular
functioning, and that there is selective oxidative stress
sensitivity (OSS) among MAChR subtypes. COS-7 cells
transfected with M1, M2 and M4 subtypes show greater
OSS than the M1 and M3 subtypes, as seen by the
decreased ability of cells to extrude or sequester calcium
(Ca

 

2+

 

) following exposure to dopamine (DA) or Aββββ

 

 25–35,
and depolarization by oxotremorine. We sought to deter-
mine which receptor domain may be responsible for the
differential vulnerability to OS between ‘OS-sensitive’
(M1) and ‘non-sensitive’ (M3) subtypes. Comparison of
the amino acid sequences of each receptor has shown that
the third cytoplasmic loop (i3 loop) is the domain with the
most variability between the two subtypes. Therefore,
mutations were made by either deleting or exchanging
the i3 loop of M1 and M3 receptors. Experiments revealed
that deletions of the i3 loop increased DA sensitivity (a
lower percentage of cells showing recovery of [Ca

 

2+

 

]

 

i

 

following depolarization) in both receptors. Chimerics of
M1 in which the i3 loop of the M3 was exchanged with
the i3 loop of the M1 (M1M3i3) showed that DA sensitivity
was reduced (a greater percentage of cells showing
increases in calcium clearance) following depolarization.
The M3 chimerics containing the M1 i3 loop (M3M1i3)
offered no protection against DA-induced decrements in
calcium buffering. Results suggest that the longer i3 loop
of the M3 may decrease OSS, possibly playing a role in
targeting antioxidants to specific receptor sites that
impart OSS.
Key words: calcium regulation; chimeric; COS-7 cells;
dopamine; muscarinic receptor; oxidative stress.

 

Introduction

 

In several previous experiments we (Cutler 

 

et al

 

., 1994) and

others (Ferrari-DiLeo 

 

et al

 

., 1995; Flynn 

 

et al

 

., 1995; Claus 

 

et al

 

.,

1997; Ladner & Lee, 1999; Muma 

 

et al

 

., 2003) have shown that

there is a loss of sensitivity in muscarinic receptors (MAChRs)

as a function of Alzheimer’s disease (AD), as well as aging (see

Joseph 

 

et al

 

., 2001 for review). This sensitivity may result from

alterations in receptor-G protein coupling/uncoupling (e.g.

Cutler 

 

et al

 

., 1994; Muma 

 

et al

 

., 2003), an index that has been

shown to be extremely vulnerable to oxidative stress (OS) (e.g.

Venters 

 

et al

 

., 1997). The implications of these findings could be

important, as it is well known that MAChRs are found in memory

control areas (Levey, 1996) and the vasculature (Elhusseiny 

 

et al

 

.,

1999; Nakai & Maeda, 2000), thus increasing their vulnerability

to OS. More recent evidence suggests that muscarinic receptor

activation provides protection against possible OS and subse-

quent apoptosis (De Sarno 

 

et al

 

., 2003). Additionally, Fawcett

 

et al

 

. (2002) showed that a low-molecular-weight endogenous

inhibitor from AD brain decreases oxotremorine-M binding (see

also Frey 

 

et al

 

., 1996). In this respect, MAChRs are involved in

various aspects of both neuronal (Rossner 

 

et al

 

., 1998) and

vascular functioning (Elhusseiny 

 

et al

 

., 1999).

Because these receptors have a variety of functions and, in

particular, functions that involve their antioxidant/anti-apoptotic

properties, it could be postulated that their functional declines

(e.g. loss of agonist sensitivity) could have profound conse-

quences for the aged organism. Additionally, OS vulnerability,

as assessed via agonist (oxotremorine) stimulation of MAChR

enhancement of dopamine (DA) release in superfused striatal

slices, increases as a function of age (Joseph 

 

et al

 

., 1996), result-

ing in significant decreases in oxotremorine stimulation of DA

release.

Moreover, it appears that the OS sensitivity (OSS) among

various MAChR subtypes may not be uniform. Recent findings

have indicated that COS-7 cells transfected with one of the

five MAChRs and exposed to DA (Joseph 

 

et al

 

., 2002) showed

differences in OSS expressed as a function of Ca

 

2+

 

 buffering (i.e.

the ability to extrude or sequester Ca

 

2+

 

 following oxotremorine-

induced depolarization). The loss of Ca

 

2+

 

 buffering in these

experiments is similar to that reported in many studies with

respect to aging (see Herman 

 

et al

 

., 1998; Toescu & Verkhratsky,

2000). Such losses can have a substantial effect on the func-

tioning and viability of the cell (Lynch & Dawson, 1994; Mattson

 

et al

 

., 2000; Vannucci 

 

et al

 

., 2001), further increasing OS (De

Sarno 

 

et al

 

., 2003) and leading ultimately to decrements in

motor and memory function in senescent rats (Huidobro 

 

et al

 

.,
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1993; Shukitt-Hale 

 

et al

 

., 1998). It is also important to note that

there are significant differences in the rates of aging among

various brain regions, with areas such as the hippocampus

(Nyakas 

 

et al

 

., 1997; Kaufmann 

 

et al

 

., 2001), cerebellum

(Hartmann 

 

et al

 

., 1996; Kaufmann 

 

et al

 

., 2001) and striatum

(Joseph 

 

et al

 

., 1996; Kaasinen 

 

et al

 

., 2000) showing profound

alterations in aging in such parameters as morphology, electro-

physiology and receptor sensitivity.

Given these considerations, it became of interest in the present

study to determine the structural locus that imparts increased

OSS in the MAChR. Because studies (Wu 

 

et al

 

., 1997, 1998,

2000) have indicated that G protein 

 

βγ

 

 (a) interacts with the i3

loop of the MAChR, (b) is inhibited by the G protein 

 

α

 

 subunit,

and (c) is necessary for phosphorylation and subsequent signal

transduction, the i3 loop was chosen for these determinations.

Interestingly, it also appears from our previous findings (Joseph

 

et al

 

., 2002; Joseph & Fisher, 2003) that the MAChRs conferring

the most OSS to the transfected COS-7 cells (i.e. M1, M2, M4)

had shorter i3 loops than the M3 or M5 MAChRs, suggesting

that the length of the i3 loop might be involved in regulation

of OSS. Thus, the present experiments were carried out to

determine whether (a) deletions of the entire i3 loop in a

‘non-OS-sensitive’ (M3AChR) and an ‘OS-sensitive’ receptor

(M1AChR), or (b) exchanging i3 loops between these receptors,

would alter Ca

 

2+

 

 flux (reflected in baseline, peak and recovery

measurements) following depolarization with oxytremorine and

exposure to DA in COS-7 cells transfected with either of these

mutated receptors.

DA was utilized to induce OS in these cells because it has

been found to form several reactive oxygen species (ROS) agents,

including: (a) oxygen-derived free radical semiquinones and

quinonones (see Stokes 

 

et al

 

., 1999; LaVoie & Hastings, 1999;

Rabinovic 

 

et al

 

., 2000); (b) reactive products of reduced oxygen,

e.g. superoxide anions or OH (Fornstedt 

 

et al

 

., 1990); and

(c) H

 

2

 

O

 

2

 

 (Hastings 

 

et al

 

., 1996).

 

Results

 

Ca

 

2+

 

 imaging

 

Typical tracings of baseline intracellular calcium concentration

([Ca

 

2+

 

]

 

i

 

), increase in response to depolarization by oxytremorine,

and recovery (as defined in the Experimental procedures) in COS-

7 cells transfected with M1 and M3 receptors or their chimerics

(e.g. M1-i3, M1M3i3) with or without DA pretreatment are

shown in Figs. 1 (M1, A,B,C, respectively) and 2 (M3, A,B,C,

respectively). DA was effective in decreasing Ca

 

2+

 

 buffering in

the M1 wild-type, and in the M1-i3 transfected COS-7 cells

(Fig. 1), but this effect was less in the M1M3i3 transfected cells.

For M3, the removal of the i3 loop decreased Ca

 

2+

 

 buffering

and the M3M1i3 chimeric responded only slightly differently

from the M3-i3 cells (Fig. 2). The wild-type M3 was not affected

by DA exposure. Note that Figs 1 and 2 show example single

tracings and do not in every case reflect the findings when the

entire data set was examined as described below.

As shown in  Figs 3(A) and 4(A), DA exposure raised the base-

line [Ca

 

2+

 

]

 

i

 

 levels in the COS-7 cells transfected with M1AChR

wild-type (

 

P <

 

 0.01, control vs. DA treated) but not those trans-

fected with the M3AChR wild-type or any of the mutations

(

 

P >

 

 0.05, all comparisons).

Analysis of the percentage increase in [Ca

 

2+

 

]

 

i

 

 after oxotremorine-

induced depolarization suggested that the cells transfected with

the M1 or M3 wild-type receptors and exposed to DA showed

no differences from their respective controls (Figs 3B and 4B,

respectively). Conversely, DA-treated cells transfected with

M1-i3 (Fig. 3B) or M3-i3 (Fig. 4B), respectively, showed higher

increases in [Ca

 

2+

 

]

 

i

 

 than their respective controls (

 

P <

 

 0.0001 for

both comparisons). DA also enhanced Ca

 

2+

 

 increases in cells

transfected with M3M1i3 (

 

P <

 

 0.0001; Fig. 4B) but not in

M1M3i3 cells (

 

P >

 

 0.05; Fig. 3B).

Fig. 1 (A–C) Typical tracings of [Ca2+]i showing baseline, response to 
depolarization and recovery in COS-7 cells transfected with the M1 receptor 
(A) or its chimerics, M1-i3 (B) or M1M3i3 (C), with or without DA 
pretreatment (see Experimental procedures).
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Differences in recovery were assessed following DA pretreat-

ment and oxotremorine-induced depolarization of wild-type

M1- and M3-transfected COS-7 cells (Fig. 3C (M1) and Fig. 4C

(M3)). As can be seen, recovery was significantly reduced after

DA in the M1 but not the M3 wild-type transfected COS-7 cells

(

 

P <

 

 0.0001 and 

 

P

 

 < 0.08, respectively). Figure 3(C) also shows that

there was a significant decrease in recovery in cells transfected

with M1-i3 as compared with those transfected with the wild-

type M1 (

 

P <

 

 0.0001) in the absence of DA. However, exposure

to DA of the same M1 wild-type and M1-i3 cells showed similar

decreases in recovery, both of which were significantly less than

their respective controls (

 

P <

 

 0.001 for both comparisons).

A comparison of the control and DA-treated cells transfected

with the M1M3i3 chimeric (Fig. 3C) showed that there was

significant decline in recovery (

 

P <

 

 0.001). However, the DA-

treated M1M3i3 chimeric showed greater recovery than similar

cells transfected with the M1 wild-type or the M1-i3 mutation

(

 

P <

 

 0.025, 

 

P

 

 < 0.001, respectively), suggesting that the i3 loop

affords some protection of Ca

 

2+

 

 buffering after DA exposure.

Additionally, the control M1M3i3 cells showed improved

recovery compared with those transfected with the M1-i3.

Fig. 2 (A–C) Typical tracings of [Ca2+]i showing baseline, response to 
depolarization, and recovery in COS-7 cells transfected with M3 receptor 
(A) or its chimerics, M3-i3 (B) or M3M1i3 (C), with or without DA 
pretreatment (see Experimental procedures).

Fig. 3 (A–C) Baseline [Ca2+]i (A), increase (B) and recovery (C) in COS-7 
cells transfected with the M1 Receptor or its chimerics M1-i3 or M1M3i3 
(see Experimental procedures). The number of cells analysed for each 
group was: control = 131, DA-treated = 136, M1-i3 = 114, M1-i3 DA = 171, 
M1M3i3 = 81, M1M3i3 DA = 78. The overall Kruskal-Wallis test statistic for 
recovery was 137.116 (P < 0.000, d.f. = 5). Individual comparisons are shown 
in the figures.
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In the case of the M3-i3 transfected cells, the results indicated

that in the presence of DA this deletion significantly decreased

recovery as compared with cells transfected with the wild-type

M3 (

 

P <

 

 0.02). However, recovery was unaffected in the absence

of DA in M3M1i3-transfected cells (M1 wild-type vs. M3M1i3,

 

P

 

 > 0.05; Fig. 4C).

In the presence of DA, the M3M1i3 cells showed a significant

decrease in recovery as compared with their untreated controls

(non-DA exposed M3M1i3 vs. DA-exposed M3M1i3, 

 

P

 

 < 0.001).

The decrease in recovery was similar to that seen in DA-treated

compared with control M3-i3 transfected cells (

 

P >

 

 0.05) and

significantly lower than that seen in M3 wild-type transfected

COS-7 cells (

 

P <

 

 0.001; Fig. 4C). Typical tracings for each of these

conditions are shown in Figs 1 and 2.

 

Discussion

 

The present findings showed that there are differences in the

extent of recovery of [Ca

 

2+

 

]

 

i

 

 following depolarization and DA

treatment (recovery – see Experimental procedures) between

wild-type, M1- and M3AChR-transfected COS-7 cells. M1-

transfected cells showed decreases in this parameter whereas

the M3-transfected cells showed no effect. These findings

support those of previous studies with DA (Joseph 

 

et al

 

., 2002;

Joseph & Fisher, 2003) in that its effect on recovery is selective

for the M1 but not the M3 muscarinic receptor subtype. As

illustrated previously (Joseph & Fisher, 2003), it does not

appear that the second messenger pathway is involved in

OSS, because M1 and M3AChR signalling pathways are both

IP

 

3

 

-mediated.

Additionally, it was also apparent in the present and previous

studies (Joseph 

 

et al

 

., 2002; Joseph & Fisher, 2003) that possible

differences in oxotremorine-induced Ca

 

2+

 

 flux in the absence

of OS could not account for the increased OS vulnerability in

M1-transfected COS-7 cells, because recovery in M1- and M3-

transfected cells was similar when they were not exposed to

DA. These findings suggest that the locus of the increased

sensitivity in the M1 receptors may possibly lie within the struct-

ure of the receptor. In this respect, we have shown previously

(Joseph 

 

et al

 

., 2002) that the differences in recovery following

depolarization did not appear to be dependent upon [Ca

 

2+

 

]

 

i

 

 in

DA-pretreated cells. In this study, M2-transfected cells did not

show enhanced [Ca

 

2+

 

]

 

i

 

 following exposure to DA greater than

that seen in the control M2-transfected cells. However, the DA-

treated, M2-transfected cells were not able to buffer [Ca

 

2+

 

]

 

i

 

 (i.e.

show recovery), whereas the DA-treated, M5-transfected cells

were similar to untreated controls in this regard. Thus, initial

Ca

 

2+

 

 influx following depolarization does not predict the ability

to buffer Ca

 

2+

 

 with oxidative stress.

Similarly, the initial increase in [Ca

 

2+

 

]

 

i

 

 following depolarization

was not a good predictor of Ca

 

2+

 

 buffering capacity following

depolarization and DA treatment in cells transfected with the

M1 wild-type, M1-i3 deletion or the chimerics M1M3i3. Thus,

the increase in [Ca

 

2+

 

]

 

i

 

 following depolarization was similar in

the M1- and M1M3i3-transfected cells, but the Ca

 

2+

 

 buffering

Fig. 4 (A–C) Baseline [Ca2+]i (A), increase (B) and recovery (C) in COS-7 cells 
transfected with M3 receptor or its chimerics M3-i3 or M3M1i3 (see 
Experimental procedures). The number of cells analysed for each group 
was: control = 84, DA-treated = 136, M1-i3 = 114, M1-i3 DA = 171, 
M1M3i3 = 81, M1M3i3 DA = 78. Because an overall ANOVA was run for both 
M1 and M3 under all conditions, the F-value is the same as that in the legend 
to Fig. 3. Post hoc analyses for comparisons among the groups are given in 
the figures. The overall Kruskal-Wallis test statistic = 46.883 (P < 0.000, 
d.f. = 5). Individual comparisons were carried out by Mann-Whitney 
U-tests and are given in C.
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was greater in cells transfected with the M1M3i3 chimerics.

Additionally, the increase in [Ca2+]i was higher in the M1-i3

cells than in cells transfected with the wild-type M1, while Ca2+

buffering did not differ between the cells transfected with the

wild-type or the M1-i3. However, in the cells transfected with

the various forms of the M3 subtypes, it appeared that Ca2+

buffering capacity might affect recovery, because Ca2+ influx

was higher in both the M3-i3- and the M3M1i3-transfected

cells than in the wild-type, and the ability to buffer Ca2+ in the

DA-treated cells was compromised.

Research has indicated that the i3 loop subserves a multiplicity

of functions involving signalling, phosphorylation (Wu et al.,
1997, 1998, 2000) and even receptor internalization via arrestin

binding (Lee et al., 2000). Thus, we believed that this structural

element might be involved in conferring OS vulnerability to the

receptor and, ultimately, to the transfected cells. Deletion of the

entire loop appeared to increase the sensitivity to DA exposure

in M3AChR, because transfection of the cells with M3-i3

receptors resulted in recovery of Ca2+ buffering following DA

exposure that was significantly less than that seen with the

wild-type M3-transfected cells, suggesting that the M3i3 loop

may confer some protection against DA-induced OS. Some

support for this contention was provided by the demonstration

that cells transfected with M1M3i3 chimerics exhibited decreased

sensitivity (as indicated by increased recovery) to DA exposure

as compared with that seen in cells transfected with the M1

wild-type or the M1-i3 receptors.

It appears, however, that the M1 i3 loop may have mixed

properties, with respect to OS vulnerability. This loop appears

to confer some level of protection in the M1AChR, because

COS-7 cells transfected with M1-i3 receptors showed decreased

recovery of Ca2+ buffering even in the absence of DA, as

compared with those transfected with the wild-type M1 receptor.

However, in the environment of the M1AChR, the i3 loop is

less effective in protecting against OS than the M3 i3 loop,

because cells transfected with the M3M1i3 receptors showed

DA-induced deficits in recovery that were equivalent to those

seen in the cells transfected with the M3-i3 and less than those

seen in cells transfected with the wild-type receptors. Although

we have not investigated whether the i3 loops of other OS-

sensitive (M2 and M4) and OS-insensitive receptors (M5) have

similar properties compared with those of the M1 and M3 i3

loops, it is clear from these findings that if the structural

properties of this loop do not provide sufficient OS protection

to the receptor, then function may be compromised. Thus, in

addition to the range of functions alluded to above, this loop

may also be responsible for providing protection against oxidative

stress. Therefore, if this loop imparts OSS to the receptor, and if

it is damaged via ROS, then this may contribute to the functional

neuronal losses seen in aging. As shown in Table 1, for the

entire receptor, the highest numbers of his, lys and tyr are found

in the MAChR subtypes that show the least vulnerability to OS

(His > 7, Lys > 32, Tyr > 17). The higher number of his, lys and

tyr residues may impart protection through metal suspension

(Table 1). Thus, M1-, M2- and M4-transfected COS-7 cells should

show greater sensitivity to OS than those transfected with M3

or M5 receptor subtypes.

In addition to these considerations, one factor that could be

important with respect to protection may be the length of the

i3 loop, which is longer in the M3AChR. The i3 loop of the

M1AChR contains 157 amino acids, whereas the M3AChR i3

loop contains 240 amino acids. It could be expected from these

findings that there would be an overall higher number of all

amino acids in the i3 loop, but it appears that only selected amino

acids (Phe, Leu, Ser, Gln, Arg, Thr, Lys, Ala, Asp) are increased.

Others were similar in number in both i3 loops (e.g. Arg, Glu,

Gly). Note that the Lys component seems to be greater in both

the whole receptor and the i3 loop of the M3 receptor than

the M1. Perhaps the abundance of the positively charged Lys

residues may be important as one locus of OS vulnerability. We

plan to examine this further using site-directed mutagenesis to

examine the role of Lys. Moreover, we are now analysing the

peptide sequences that might contribute to the differential

protection offered by these two i3 loops. As more information

is gained it may be possible to carry out selective mutations to

localize specific sites of vulnerability within these loops.

Questions of selective downstream OS-induced alterations in

G proteins remain to be addressed. For example, Fawcett et al.
(2002) have shown that a low-molecular-weight inhibitor

isolated from AD brains inactivates MAChR by altering agonist

binding. It is also important to know whether this selective

sensitivity of MAChR to OS has a secondary effect on the

membrane lipid microenvironment. Nevertheless, given the

factors cited above, the protection of this loop via specifically

targeted antioxidants, or possibly combinations of antioxidants

that might be available through diets high in fruits and vege-

tables, may be of extreme importance in protecting these and

other homologous receptors. Studies have shown, for example,

that flavonoids such as myricetin and quercetin can prevent

the deleterious effects of the low-molecular-weight inhibitor

cited above (Fawcett et al., 2002), and it has been reported that

diets high in antioxidant flavonoids may reduce the incidence

of dementia (Commenges et al., 2000). Finally, findings from our

laboratory (Joseph et al. in press) have shown that prior exposure

of COS-7 cells transfected with M1AChR to extracts of berry-

fruits (e.g. blueberries, cranberries) reduced sensitivity to the

deleterious effects of amyloid beta treatment on Ca2+ buffering.

One other important consideration is that if Ca2+ dysregulation

coupled with OS is responsible for functional changes seen in the

aging nervous system then it may be that regional differences

in these changes may depend upon local variations in the level

of expression of various receptor subtypes. For example, Hersch

Table 1 Amino acids, muscarinic receptor subtype and oxidative stress
 

M1 M2 M3 M4 M5

His 2 6 9 6 8

Lys 24 31 38 25 38

Tyr 16 16 18 15 22
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et al. (1994) showed that in the striatum, M2 receptors may be

the predominant muscarinic receptor, whereas the M1 and M4

receptors are expressed in 78% and 44% of striatal neurons,

respectively. In addition, Levey (1996) has shown a wide distri-

bution of these receptor subtypes in the dentate gyrus, whereas

M2 and M4 MAChR receptor proteins were found in high

concentrations in the fimbria-fornix. Flynn & Mash (1993) have

shown that M1 receptors were found to be enriched in the

primate forebrain. As seen in the present experiment, these

receptor subtypes show increased vulnerability to OS and are

Fig. 5 (A) Structures of the HM1 and HM3 
muscarinic receptors and the respective mutations 
made in each. The location of the incorporated 
EcoRV sites at the amino terminus-N, and carboxyl 
terminus-C of the i3 loop are shown (top panels, 
A), and the resulting chimerics made of each by 
either removal of the i3 loop [HM1(- i3); HM3(- i3) 
(middle panels, A)], or translocation of the i3 loop 
[HM1(m3i3); HM3(m1i3), bottom panels (A)]. 
(B) Amino acid sequences of the HM1 (bold) and 
HM3 (italic) i3 loops and their respective mutations. 
Shaded regions indicate the incorporation of the 
EcoRV Site. An asterisk () indicates sequence 
homology between HM1(m3i3) and HM3(m1i3).
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found in high concentrations in brain areas that also show

considerable morphological decline in aging and neurodegen-

erative disease. For example, Rodriguez-Puertas et al. (1997)

showed that M1 and M2AChR were significantly decreased in

entorhinal cortex and hippocampus. However, there were also

declines of M3AChR in these areas but not in the striatum and

neocortex. Thus, to some extent, this pattern of loss follows the

pattern of localized vulnerability in oxidative stress.

Experimental procedures

Deletions and reinsertion of the i3 loop

Deletion mutations were made to the M1 or M3 receptors by

excising the entire i3 loop (M1-i3 and M3-i3) (Fig. 5A, middle

panels). A second mutation then involved inserting the i3 loop

of one receptor (M1 or M3) by ligating it into the corresponding

region of the other (M1m3i3, M3m1i3) (Fig. 5A, bottom panels).

To facilitate cloning, EcoRV restriction sites not found in either

of the M1 or M3 receptor were engineered to both ends of the

i3 loop using the QuickChange Site Directed Mutagenesis Kit

(Stratagene, La Jolla, CA, USA). Oligos containing the recom-

binant sequence were designed and ordered from Operon

(Valencia, CA, USA). Confirmation of the mutations was

performed by restriction digestion with EcoRV and gel analysis.

The resulting digestions were extracted from the gel and purified

using the StrataPrep DNA gel extraction kit (Stratagene). The

resulting fragments were used to construct the M1m3i3 and

M3m1i3 chimerics. The deletion mutations and chimerics

were then transformed, purified as above, transfected into the

COS-7 cells and tested as described below.

Sequences

Confirmation of the mutations was achieved by ds-sequencing

by Certigen (Lubbock, TX, USA), and by restriction digestion

(Fig. 5B).

Cell culture, transfections, and treatments

COS-7 cells
COS-7 cells (ATCC) were grown in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% fetal bovine serum

(FBS) and containing 100 U mL−1 penicillin and 100 µg mL−1

streptomycin sulphate. Twenty-four hours prior to transfection,

cells were harvested with trypsin, counted and plated on 100-

mm2 tissue culture plates at 5 × 106 cells per plate. Cells were

transiently transfected with rat muscarinic receptor subtype 1

or 3 DNA (Bonner et al., 1987, 1988) or their chimerics by the

DEAE-dextran method. After transfection, cells were incubated

for 2.5 h in growth medium containing 80 µM chloroquine

to minimize degradation of the DNA. Transfected cells were

then maintained in growth medium for 48 h, harvested with

trypsin, plated onto coverslips in 35-mm plates and incubated

overnight.

DA treatment
Growth medium was removed and replaced with fresh growth

medium containing 0 or 1 mM DA. The cells were exposed to

DA for 4 h, and DA solution was changed once each hour

over a period of 4 h. Following these incubations the cells were

evaluated for alterations in Ca2+ flux. For determinations of Ca2+

flux, cells were washed three times with growth medium and

loaded for 40 min with Fura 2-AM in DMEM containing 1% FBS.

Fura-containing medium was removed, cells were incubated

for 30 min in Kreb’s Ringer’s HEPES (KRH) buffer and tested

immediately afterwards.

Ca2+ imaging

Ca2+ image analysis was performed as previously described

(Leslie et al., 1985; Cheng et al., 1994). Briefly, the transfected

cells were treated under one of the experimental conditions,

washed with fresh media, and loaded with Fura-2/acetoxymethyl

ester (2 µM) in loading medium (99% DMEM, 1% FBS) for 40 min

at 37 °C with 5% CO2, followed by a 30-min incubation in

Kreb’s-Ringer buffer (KRB: 1.3 mM CaCl2; 131 mM NaCl; 1.3 mM

MgSO4; 5.0 mM KCl; 0.4 mM KH2PO; 6.0 mM glucose; 20 mM

HEPES; pH 7.4). A coverslip with treated COS-7 cells was inserted

into a Leiden cover slip dish and 0.9 mL of KRH buffer added.

This was placed into a Medical Systems Corp. open-perfusion

microincubator with temperature control, which was mounted

on the stage of an Olympus IMT-2 microscope and illuminated

with a fluorescent light source. All tests were carried out at 37 °C.

Simultaneous images of cells at λex 340/380 nm and λem

510 nm were captured using Simple PCI, a software package

designed by Compix (Mars, PA, USA), to control a MAC 2000

filter/shutter controller (Ludl Electronic Products, Hawthorne,

NY, USA). Pixel-by-pixel comparisons of the captured images

were carried out and a ratio of Ca2+-bound Fura (340 nm

excitation wavelength) to unbound Fura (380 nm excitation

wavelength) was generated for each pair of images. [Ca2+]i

was determined using the method of Grynkiewicz et al. (1985).

The interval between capture ranged from 1.0 to 1.5 s. After

approximately 45 s, the cells were depolarized by the addition

Fig. 6 Typical image analysis response ratios for [Ca2+]i (340/380 ratio) in 
control cells transfected with MAChR (see Experimental procedures). Cellular 
[Ca2+]i was analysed using three parameters: (A) baseline, (B) increase and 
peak response, and (C) recovery (see Experimental procedures).
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of 750 µM oxotremorine in the presence of 30 mM KCl, and

image capture continued for an additional 6 min.

Measured parameters of [Ca2+]i

The following parameters were analysed as described in Joseph

et al. (2002) and are shown in Fig. 6: (a) baseline: the average

[Ca2+]i seen before oxotremorine-induced depolarization;

(b) increase: the proportion of cells showing increases in [Ca2+]i
in response to depolarization by oxotremorine of > 30% over

baseline – only those cells that showed this magnitude of

response were considered for further analysis; (c) recovery: a

dichotomous variable calculated as the proportion (%) of cells

in which [Ca2+]i returned to 20% of the increase induced by

oxytremorine within 300 s following depolarization.

Data analysis

Baseline [Ca2+]i and peak depolarization [Ca2+]i increases were

analysed by analyses of variance (degrees of freedom are

given in parentheses following the F value) using Systat (SPSS,

Inc., Chicago, IL, USA) and post hoc Tukey’s HSD multiple

comparisons. Because response and recovery were dichoto-

mous variables, data were analysed by Kruskal-Wallis one-way

analyses of variance and Mann-Whitney U-tests. Cells that were

counted as responders exhibited a ≥ 30% increase in depolar-

ization following oxotremorine stimulation. Of the cells that

responded, those cells that were able to reduce [Ca2+]i within

300 s were counted as recovered and the percentage of the cells

showing recovery for each condition was computed.

References

Bonner TI, Buckley NJ, Young AC, Brann MR (1987) Identification of a family
of muscarinic acetylcholine receptor genes. Science 237, 527–532.

Bonner TI, Young AC, Brann MR, Buckley NJ (1988) Cloning and expres-
sion of the human and rat m5 muscarinic acetylcholine receptor
genes. Neuron 1, 403–410.

Cheng Y, Wixom P, James-Kracke MR, Sun AY (1994) Effects of
extracellular ATP on Fe(2+)-induced cytotoxicity in PC-12 cells. J.
Neurochem. 63, 895–902.

Claus JJ, Dubois EA, Booij J, Habraken J, de Munck JC, van Herk M,
Verbeeten B Jr, vaan Royen EA (1997) Eur. J. Nucl. Med. 24, 602–608.

Commenges D, Scotet V, Renaud S, Jacqmin-Gadda H, Barberger-
Gateau P, Dartigues JF (2000) Intake of flavonoids and risk of
dementia. Eur. J. Epidemiol. 16, 357–363.

Cutler R, Joseph JA, Yamagami K, Villalobos-Molina and Roth GS (1994)
Area specific alterations in muscarinic stimulated low KM GTPase
activity in aging and Alzheimer’s disease: implications for altered
signal transduction. Brain Res. 664, 54–60.

De Sarno P, Shestopal SA, King TD, Zmijewska A, Song L, Jope RS (2003)
Muscarinic receptor activation protects cells from apoptotic effects of
DNA damage, oxidative stress and mitochondrial inhibition. J. Biol.
Chem. 278, 11086–11093.

Elhusseiny A, Cohen Z, Olivier A, Stanimirovic DB, Hamel E (1999)
Functional acetylcholine muscarinic receptor subtypes in human
brain microcirculation: identification and cellular localization. J. Cereb.
Blood Flow Metab. 19, 794–802.

Fawcett JR, Bordayo EZ, Jackson K, Liu H, Peterson J, Svitak A, Frey WH,
2nd (2002) Inactivation of the human brain muscarinic acetylcholine
receptor by oxidative damage catalyzed by a low molecular weight
endogenous inhibitor from Alzheimer’s brain is prevented by pyro-
phosphate analogs, bioflavonoids and other antioxidants. Brain Res.
950, 10–20.

Ferrari-DiLeo G, Mash DC, Flynn DD (1995) Attenuation of muscarinic
receptor-G-protein interaction in Alzheimer disease. Mol. Chem.
Neuropathol. 24, 69–91.

Flynn DD, Ferrari-DiLeo G, Levey AI, Mash DC (1995) Differential altera-
tions in muscarinic receptor subtypes in Alzheimer disease: implications
for cholinergic based thereapies. Life Sci. 56, 869–876.

Flynn DD, Mash DC (1993) Distinct kinetic binding properties of N-[3H]-
methylscopolamine afford differential labeling and localization of M1,
M2, and M3 muscarinic receptor subtypes in primate brain. Synapse
14, 283–296.

Fornstedt B, Pileblad E, Carlsson A (1990) In vivo autoxidation of
dopamine in guinea pig striatum increases with age. J. Neurochem.
55, 655–659.

Frey WH, 2nd, Najarian MM, Kumar KS, Emory CR, Menning PM,
Frank JC, Johnson MN, Ala TA (1996) Endogenous Alzheimer’s brain
factor and oxidized glutathione inhibit antagonist binding to the
muscarinic receptor. Brain Res. 714, 87–94.

Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of Ca2+

indicators with greatly improved fluorescence properties. J. Biol. Chem.
260, 3440–3450.

Hartmann H, Velbinger K, Eckert A, Muller WE (1996) Region-specific
downregulation of free intracellular calcium in the aged rat brain.
Neurobiol. Aging 17, 557–563.

Hastings TG, Lewis DA, Zigmond MJ (1996) Role of oxidation in the
neurotoxic effects of intrastriatal dopamine injections. Proc. Natl
Acad. Sci. USA 93, 1956–1961.

Herman JP, Chen KC, Booze R, Landfield PW (1998) Up-regulation of
alpha1D Ca2+ channel subunit mRNA expression in the hippocampus
of aged F344 rats. Neurobiol. Aging 19, 581–587.

Hersch SM, Gutekunst CA, Rees HD, Heilman CJ, Levey AI (1994)
Distribution of m1-m4 muscarinic receptor proteins in the rat striatum:
light and electron microscopic immunocytochemistry using subtype-
specific antibodies. J. Neurosci. 5, 3351–3363.

Huidobro A, Blanco P, Villalba M, Gomez-Puertas P, Villa A, Pereira R,
Bogonez E, Martinez-Serrano A, Aparicio JJ, Satrustegui J (1993)
Age-related changes in calcium homeostatic mechanisms in relation
with working memory deficiency. Neurobiol. Aging 14, 479–486.

Joseph JA, Fisher DR (2003) Muscarinic receptor subtype determines
vulnerability to Amyloid beta toxicity in transfected COS-7 cells. J.
Alzheimer Dis. 5, 197–208.

Joseph JA, Fisher DR, Strain J (2002) Muscarinic receptor subtype
determines vulnerability to oxidative stress in COS-7 cells. Free Rad.
Biol. Med. 32, 153–161.

Joseph JA, Shukitt Hale B, Denisova NA, Martin A, Perry G, Smith MA
(2001) Copernicus revisited: amyloid beta in Alzheimer’s disease.
Neurobiol. Aging 22, 131–146.

Joseph JA, Villalobos-Molina R, Denisova N, Erat S, Cutler R, Strain JG
(1996) Age differences in sensitivity to H2O2- or NO-induced reduc-
tions in K+-evoked dopamine release from superfused striatal slices:
reversals by PBN or Trolox. Free Radic. Biol. Med. 20, 821–830.

Kaasinen V, Vilkman H, Hietala J, Nagren K, Helenius H, Olsson H, Farde L,
Rinne J (2000) Age-related dopamine D2/D3 receptor loss in
extrastriatal regions of the human brain. Neurobiol. Aging 21,
683–688.

Kaufmann JA, Bickford PC, Taglialatela G (2001) Oxidative-stress-
dependent up-regulation of Bcl-2 expression in the central nervous
system of aged Fisher-344 rats. J. Neurochem. 76, 1099–1108.



Muscarinic receptors and oxidative stress, J. A. Joseph et al.

© Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2004

271

Ladner CJ, Lee JM (1999) Reduced high-affinity agonist binding at
the M (1) muscarinic receptor in Alzheimer disease brain: differ-
ential sensitivity to agonists and divalent cations. Exp. Neurol. 158,
451–458.

LaVoie MJ, Hastings TG (1999) Dopamine quinone formation and
protein modification associated with the striatal neurotoxicity of
methamphetamine: evidence against a role for extracellular
dopamine. J. Neurosci. 19, 1484–1491.

Lee KB, Ptasienski JA, Pals-Rylaarsdam R, Gurevich VV, Hosey MM (2000)
Arrestin binding to the M (2) muscarinic acetylcholine receptor is pre-
cluded by an inhibitory element in the third intracellular loop of the
receptor. J. Biol. Chem. 275, 9284–9289.

Leslie SW, Chandler LJ, Barr EM, Farrar RP (1985) Reduced calcium
uptake by rat brain mitochondria and synaptosomes in response to
aging. Brain Res. 329, 177–183.

Levey AI (1996) Muscarinic acetylcholine receptor expression in memory
circuits: implications for treatment of Alzheimer disease. Proc. Natl
Acad. Sci. USA 93, 13541–13546.

Lynch DR, Dawson TM (1994) Secondary mechanisms in neuronal
trauma. Curr. Opin. Neurol. 7, 510–516.

Mattson MP, Culmsee C, Yu ZF (2000) Apoptotic and antiapoptotic
mechanisms in stroke. Cell Tissue Res. 301, 173–187.

Muma NA, Mariyappa R, Williams K, Lee JM (2003) Differences in
regional and subcellular localization of G (q/11) and RGS4 protein
levels in Alzheimer’s disease: correlation with muscarinic M1 receptor
binding parameters. Synapse 47, 58–65.

Nakai M, Maeda M (2000) Cerebral cortical muscarinic cholinergic and
N-methyl-D-aspartate receptors mediate increase in cortical blood
flow elicited by chemical stimulation of periaqueductal gray matter.
Neuroscience 98, 449–457.

Nyakas C, Oosterink BJ, Keijser J, Felszeghy K, de Jong GI, Korf J,
Luiten PG (1997) Selective decline of 5-HT1A receptor binding sites
in rat cortex, hippocampus and cholinergic basal forebrain nuclei
during aging. J. Chem. Neuroanat. 13, 53–61.

Rabinovic AD, Lewis DA, Hastings TG (2000) Role of oxidative changes
in the degeneration of dopamine terminals after injection of neuro-
toxic levels of dopamine. Neuroscience 101, 67–76.

Rodriguez-Puertas R, Pascual J, Vilaro T, Pazos A (1997) Autoradio-
graphic distribution of M1, M2, M3, and M4 muscarinic receptor sub-
types in Alzheimer Disease. Synapse 26, 341–350.

Rossner S, Ueberham U, Schliebs R, Perez-Polo JR, Bigl V (1998) The
regulation of amyloid precursor protein metabolism by cholinergic
mechanisms and neurotrophin receptor signaling. Prog. Neurobiol.
56, 541–569.

Shukitt-Hale B, Mouzakis G, Joseph JA (1998) Psychomotor and spatial
memory performance in aging male Fischer 344 rats. Exp. Gerontol.
33, 615–624.

Stokes AH, Hastings TG, Vrana KE (1999) Cytotoxic and genotoxic
potential of dopamine. J. Neurosci. Res. 55, 659–665.

Toescu EC, Verkhratsky A (2000) Parameters of calcium homeostasis in
normal neuronal ageing. J. Anat. 197, 563–569.

Vannucci RC, Brucklacher RM, Vannucci SJ (2001) Intracellular calcium
accumulation during the evolution of hypoxic-ischemic brain damage
in the immature rat. Brain Res. Dev. Brain Res. 126, 117–120.

Venters HD Jr, Bonilla LE, Jensen T, Garner HP, Bordayo EZ, Najarian MM,
Ala TA, Mason RP, Frey WH, 2nd (1997) Heme from Alzheimer’s brain
inhibits muscarinic receptor binding via thiyl radical generation. Brain
Res. 764, 93–100.

Wu G, Benovic JL, Hildebrandt JD, Lanier SM (1998) Receptor docking
sites for G-protein beta-gamma subunits implications for signal
regulation. J. Biol. Chem. 273, 7197–7200.

Wu G, Bogatkevich GS, Mukhin YV, Benovic JL, Hildebrandt JD, Lanier SM
(2000) Identification of G beta-gamma binding sites in the third intra-
cellular loop of the M (3)-muscarinic receptor and their role in receptor
regulation. J. Biol. Chem. 275, 9026–9034.

Wu G, Krupnick JG, Benovic JL, Lanier SM (1997) Interaction of arrestins
with intracellular domains of muscarinic and alpha2-adrenergic
receptors. J. Biol. Chem. 272, 17836–17842.


